A power transformer outage has a dramatic financial consequence not only for electric power systems utilities but also for interconnected customers. The service reliability of this important asset largely depends upon the condition of the oil-paper insulation. Therefore, by keeping the qualities of oil-paper insulation system in pristine condition, the maintenance planners can reduce the decline rate of internal faults. Accurate diagnostic methods for analyzing the condition of transformers are therefore essential. Currently, there are various electrical and physicochemical diagnostic techniques available for insulation condition monitoring of power transformers. This paper is aimed at the description, analysis and interpretation of modern physicochemical diagnostics techniques for assessing insulation condition in aged transformers. Since fields and laboratory experiences have shown that transformer oil contains about 70% of diagnostic information, the physicochemical analyses of oil samples can therefore be extremely useful in monitoring the condition of power transformers.
Introduction
Today's power transformers constitute a major part of the capital equipment of power utilities all over the world. It is therefore important they function reliably. They are indispensable equipment for power generation plants, transmission systems and large industrial plants. Outage of power transformers while in service usually lead to significant revenue loss to the utility, potential environmental damage, explosion and fire hazards and expensive repairing or replacement costs. The cost of replacing the transformers varies from a few hundred dollars to several million dollars [1] . Early detection of problems can reduce repair costs by 75 percent and loss of revenue by 60 percent, and that annual cost savings equal to two percent of the price of a new transformer-i.e., approximately 40,000 to 80,000 US dollars (USD)-can be achieved [2] . Hence, it is desirable that the transformers should be utilized to the maximum extent consistent with adequate service life [3] . In order to reach such a device management, diagnostic techniques and condition monitoring are becoming [5] . Specifications in brackets are ASTM (American Society for Testing and Materials) standards. Table 1 . Oil condition based on color comparisons [9] .
Color Comparator Number
Color Oil Condition <7
Pale yellow Good oil 7-10 Yellow Proposition A oil [10] [11] Bright yellow Service-aged oil [11] [12] [13] [14] Amber Marginal condition [14] [15] Brown Bad condition [16] [17] [18] Dark brown Severe condition (reclaimed oil) >18
Black Extreme condition (scrap oil)
The visual examination [10] is applicable to electrical insulating liquids that have been used in transformers, oil circuit breakers, or other electrical apparatus as insulating or cooling media, or both. An oil sample is visually examined by passing a beam of light through it to determine transparency and identify foreign matters. Poor transparency, cloudiness, or the observation of particles indicates contamination such as moisture, sludge, or other foreign matter.
Particle Count
It is recognized that particles have a harmful effect on the dielectric strength of insulating liquids [11] . Large amount of particle contaminations can lead to transformer failure. It was reported that moisture in combination with particles reduces significantly the breakdown voltage of the oil and increases the risk of static electrification, partial discharge activity and tracking [12] . Particle size, type and shape are also contributing factors. The most detrimental particles are the conductive ones (metal, carbon, wet fiber, etc.). Particle identification and counting is an important procedure for condition monitoring [11, 13] . [5] . Specifications in brackets are ASTM (American Society for Testing and Materials) standards.
Traditional Diagnostics Techniques

Color/Visual Examination
Color [7] is often used as a qualitative method. The technique is based on the comparison of oil color to a standard colored and numbered disc [8] . An oil's color comes from the light transmitting through it. Different colors are formed depending on the concentration and type of light-absorbing groups dissolved species in oil. Color of new oil is generally accepted as an index of the degree of refinement. For oils in service, an increasing or high color number is an indication of contamination, deterioration, or both. Oxidation is a common cause of an over-all darkening to occur. Comparisons between oil condition and color are reported in Table 1 . Table 1 . Oil condition based on color comparisons [9] .
Color Comparator Number
Color Oil Condition
<7
The visual examination [10] is applicable to electrical insulating liquids that have been used in transformers, oil circuit breakers, or other electrical apparatus as insulating or cooling media, or both. An oil sample is visually examined by passing a beam of light through it to determine transparency Energies 2016, 9, 367 4 of 29 and identify foreign matters. Poor transparency, cloudiness, or the observation of particles indicates contamination such as moisture, sludge, or other foreign matter.
Particle Count
It is recognized that particles have a harmful effect on the dielectric strength of insulating liquids [11] . Large amount of particle contaminations can lead to transformer failure. It was reported that moisture in combination with particles reduces significantly the breakdown voltage of the oil and increases the risk of static electrification, partial discharge activity and tracking [12] . Particle size, type and shape are also contributing factors. The most detrimental particles are the conductive ones (metal, carbon, wet fiber, etc.). Particle identification and counting is an important procedure for condition monitoring [11, 13] .
Miners [14] reported the effect of particles and moisture on the breakdown voltage of insulating transformer oil using Verband der Elektrotechnik, Elektronik, Informationstechnik (VDE) electrodes. This author has considered different sizes and concentrations of iron, copper and cellulose fibers. He noticed very low breakdown strength for the combined effects of moisture and particles type, size and concentration. In a recent work presented at a The Council on Large Electric Systems (CIGRE) session [15] , a comparison between the performance of ester liquids and mineral oil have shown that the breakdown voltages of both ester liquids and mineral oil decreased with the increase in cellulose particle-based content. However, it was found that the breakdown voltage of mineral oil is more sensitive to the particle contamination than ester liquids. This might be due to the higher viscosity of ester which slower the motion of metallic particles and therefore reduces breakdown occurrence [16] . Sarathi and Archana [17] investigated the role played by conducting particle in partial discharge activity under alternative current (AC) voltages by using an ultra-high frequency (UHF) technique. They have observed a partial discharge current pulse formation and frequency signal radiation due to particle movement, and when the applied voltage increased, the UHF signal magnitude formed due to particle movement increased.
A multiple sources of particles contamination have been reported by CIGRE Working Group 12.18 [13] .
In new equipment, the insulating liquid may contain cellulose fibers, iron, aluminum, copper and other particles from the manufacturing process. In used transformer, sludge particles forms slowly during utilization at normal and overload temperatures. Carbon particles due to the localized overheating may also produce and migrate by leakage or other accident errors from the on load tap changer (OLTC) diverter to the bulk liquid compartment and contaminate the active parts. Pump bearing wear is considered as a typical source of metallic particles [13] .
Actually, there are many methods for counting and determining the size and shape of particles. Such methods are based on the light extinction, light scattering, coulter principle or direct imaging. However, the automatic particle counters using light extinction are the most widespread for counting in hydrocarbons and lubricants. For transformer insulating liquids, the measurements are performed using standards such as American Society for Testing and Materials (ASTM) D6786 or International Electrotechnical Commission (IEC) 60970. These standards are based on the International Organization for Standardization (ISO) 11171 calibration. IEC 60422 [18] and CIGRE brochure 157 [11] provide some guidelines to judge the condition of oil based on the level of contamination. In 1983, Oommen published an interesting study on particle levels in 200 samples taken from field and factory units [19] . Atomic absorption spectroscopy was used to determine the content of iron, copper and others.
Inhibitor Content
Although insulating oils are carefully refined, the impact of mechanical, electrical, thermal and chemical stresses, produces a variety of degradation products. Most of new brand insulating oil contain small amount of unstable hydrocarbons. The electronegative character of oxygen makes it very effective to attack vulnerable hydrocarbons [20] . The oxidation rate is accelerated by temperature, oxygen and Energies 2016, 9, 367 5 of 29 catalysts such as copper. The results to such reactions are the formation of hydro-peroxides which brown the oil. Insoluble molecules which may be adsorbed at the surface of cellulose fibers are formed. These impurities reduce life expectancy and reliability of in-service transformers. To reduce the impact of oxygen and enhance the oxidation stability, synthetic oxidation inhibitors are usually incorporated in the oil. Therefore, as long as the inhibitors are present, the oil will be protected against oxidation and therefore increase the expected lifetime of the insulation. The antioxidants perform better in these cleaner oils since they do not have to counteract the negative aspects of contaminants. However, as the service life proceed, the inhibitor will be consumed and when is gone the oxidation rate become higher. Since the anti-oxidant is a consumable material, the initial chemical stability of new insulating oil gradually decreases. Their amount has to be monitored and must be replenished if necessary. Thus, the determination of the inhibitor content is an important factor in maintaining long service life of insulating oil. Actually, phenolic inhibitors are often used in transformers. The commonly used inhibitors are 2,6-di-tert-butyl-paracresol (DBPC) and 2,6-di-tert-butyl-phenol (DBP) [12] . In recent study, Mehanna et al. [21] examined the characteristics of several inhibitors dissolved in mineral insulating oils including 2,6-di-tert-butyl-p-cresol (DBPC), 2,6-di-tert-butyl-phenol (DBP), dibenzyl disulfide (DBDS), 2-tert-butyl-p-cresol (2-t-BPC), N-phenyl-1-naphthylamine, 1,2,3-benzotriazol (BTA) and methylated-BTA. The obtained results confirmed that the DBPC and DBP are the most suitable to be used as inhibitors in transformer mineral oils. ASTM D3487 defines two types of mineral oils according to the inhibitors content (0.08% for type I and 0.3% for type II). Detection and measurements of the inhibitor content shall be done according to IEC 60666 Standard [22] . Three used analytical methods are presented in this standard, related to infrared spectrophotometry (IR), high performance liquid chromatography (HPLC) and gas chromatography-mass spectrometry (GC-MS).
Moisture in Oil Determination
Moisture is considered enemy number one of transformer insulation. Each time the moisture is doubled in the solid insulation of a transformer, the life of the insulation is cut by one-half [23] . The presence of moisture in the solid and liquid insulation is known to play a critical role on transformer life [24, 25] . The moisture in transformer is generated from several sources [12] : remaining moisture in insulation during manufacturing, humid air from outside during transportation and/or assembling in substation, humid air from outside through the breather (non-sealed), moisture ingress through gaskets, chemical decomposition of cellulose, moisture absorption from outside during some maintenance operations such as on site control of active part or bushing replacement, topping-up of oil level made with humid oil (non-dried). An accurate method of measuring very small amount of moisture in oil is the Karl Fischer Titration technique. This technique can indicate moisture content as low as 1-2 ppm [26, 27] . As oils become very oxidized with increasing amounts of polar aging byproducts, their water solubility characteristics also increases. At elevated temperatures, some amount of hydrated compounds may transfer into dissolved water. Bonded water cannot be revealed by Karl Fischer (KF) titration. The KF method can therefore overestimate water content because iodine can react with peroxides, acids, and other impurities that may be present as a result of oil degradation [24, 28] . The KF titration is therefore not very accurate for aged oils where active contaminants are accumulated capable of forming hydrates with bonded water [13] .
The moisture content of oil can change quickly within an operational transformer. For on-site measurements, the water migration being commonly running, the transformer is in a non-equilibrium state. Direct measurement of moisture content in paper insulation (cellulose) is complex; moisture partitioning curves ( Figure 2 ) between oil/ester and paper under equilibrium conditions have been reported by several authors [29] [30] [31] .
oils where active contaminants are accumulated capable of forming hydrates with bonded water [13] .
The moisture content of oil can change quickly within an operational transformer. For on-site measurements, the water migration being commonly running, the transformer is in a non-equilibrium state. Direct measurement of moisture content in paper insulation (cellulose) is complex; moisture partitioning curves ( Figure 2 ) between oil/ester and paper under equilibrium conditions have been reported by several authors [29] [30] [31] . These curves were used to estimate the moisture of paper by measuring moisture in oil at different temperatures. However, complications may arise due to fast dynamic diffusion processes. Another problem with the partitioning diagrams is that they are based on new oil/ester and do not take into account the effects of aging by-products found in aged transformers [32] . In a study conducted at Monash University under an Electric Power Research Institute (EPRI), USA sponsored project, a new method of moisture assessment in operating transformers was developed, based on a water-in-paper activity concept. The parameter of water-in-paper activity is used to access moisture conditions in both new and in service-aged transformer insulation systems. Another term, "active water content of paper (WCPA)", was also introduced [33] .
In the last decades, capacitive probes are in use for determining the relative moisture to saturation. Advantages of capacitive probes are follows: very convenient for onsite and online applications, possibility of continuous measurement, no error due to oil sampling, transportation and the type of oil and oil condition do not affect the measurement [26] . With continuous monitoring, diffusion time can be taken into account and significant improvement in the estimation of moisture content can be achieved [26] .
Over the last decades, dielectric spectroscopic techniques have been used to assess moisture content inside the solid insulation. However, it must be emphasized that moisture and aging separation still constitute a challenging point in this domain [6, 34, 35] .
Dissolved Gas Analysis (DGA)
During its use, power transformers insulation systems degrades under the effects of various stresses, leading to the generation of dissolved gases in oil. The identification of these gases can be very useful for determining defects in transformers and avoid unforeseen interruptions. According to ASTM Designation D 3612-02 [36] , Section 1.2, indicates that the individual component gases that may be identified and determined include: hydrogen-H 2 , oxygen-O 2 , nitrogen-N 2 , carbon monoxide-CO, carbon dioxide-CO 2 , methane-CH 4 , ethane-C 2 H 6 , ethylene-C 2 H 4 , acetylene-C 2 H 2 , propane-C 3 H 8 and propylene-C 3 H 6 . Except O 2 and N 2 , all mentioned gases must have an unpaired electron when the breakdown occurs; this means that these gases are in fact the results of secondary chemical reaction. Actually, gas generation are caused by the breaking of hydrocarbon molecules due to electrical and/or thermal stresses. These gases are referred to as key gases. Among the used methods to detect and identify the generated gases, DGA is considered as the most informative method. Over the decades, Dissolved Gas Analysis (DGA) monitoring has become a very useful diagnostic tool and is being universally applied by the utilities or manufacturers for Energies 2016, 9, 367 7 of 29 condition assessment of power transformer and in more recent years load tap-changers and bulk oil circuit. However, some drawbacks of the dissolved gas analysis have been underscored by The Institute of Electrical and Electronics Engineers (IEEE) Std. C57.104 [37] as follows: "Many techniques for the detection and the measurement of gases have been established. However, it must be recognized that analysis of these gases and interpretation of their significance is at this time not a science, but an art subject to variability". Further, "The result of various ASTM testing round robins indicates that the analytical procedures for gas analysis are difficult, have poor precision, and can be wildly inaccurate, especially between laboratories". Finally, "However, operators must be cautioned that, although the physical reasons for gas formation have a firm technical basis, interpretation of that data in term of the specific cause or causes is not an exact science, but is the result of empirical evidence from which rules for interpretation have been derived".
Generally, dissolved key gases are always presented in transformer oils at some level [38] . The quantity of generated gases depends upon the type of fault. Some of key gases and their related faults are listed in Table 2 . Table 2 . Categories of key gases and general fault conditions [39] .
Key Gases Potential Fault Type
Methane, ethane, ethylene and small amounts of acetylene Thermal condition involving the oil Hydrogen, methane and small amounts of acetylene and ethane Partial discharge
Hydrogen, acetylene and ethylene Sustained arcing
Carbon monoxide and carbon dioxide Thermal condition involving the paper When an increase in key gases concentration exceeds certain limits, additional gas analyses are recommended for determining defects type within the transformer. Several DGA interpretation methods are used in practice [3, 37, [40] [41] [42] . These interpretation methods are based on key gases, key ratios and graphical representations analysis. To date, about twenty empirical DGA interpretation methods have been developed: Among these methods, the most used are IEC, Rogers, Duval' Triangle and the Key Gas method [43, 56] . The ratio methods have the advantages that they are independent on the transformer oil volume. However, they are vulnerable to misinterpretation. For that reason, they should be always used in parallel with other methods such us the key gas methods. In addition, some DGA results using ration methods may fall outside ratio codes and no diagnosis can be achieved. The last problem of the ration methods is resolved by the Triangle method as it is a closed system rather than an open system. However, the Duval triangle method uses only the value of three gases, CH 4 , C 2 H 4 and C 2 H 2 . In a recent work, Duval has proposed pentagon-based method to interpret the detected gas [55] . This method uses five combustible gases instead of three, CH 4 , C 2 H 4 , C 2 H 2 , C 2 H 6 and H 2 . Therefore, a complementary Duval's pentagon has been developed [57] .
All of these methods still show a certain percentage of incorrect diagnoses. This is probably due to the fact that all of these techniques are based on heuristic in nature and not on scientific formulation. Some pitfalls of DGA testing were emphasized [43] : In recent works, the theoretical premise that some of contaminants in the oil may contribute to gassing was experimentally verified under laboratory conditions [39] . The results of these works have shown that oil born decay products may affect the diagnostics by DGA.
Another difficulty of DGA is that the absorption of any given gas in oil depends on the pressure and temperature of the oil, on the type of gas involved and the nature of the oil itself (whether antioxidants are present) [58] .
Nowadays, several types of alternative liquids, mainly used in distribution transformers, are available. Due to their high degree of sustainability, there is a strong demand to use them in power transformers. A number of articles on the impact of alternative liquids on the dissolved gas analysis have been published [59, 60] . CIGRE working group WG D1.32 has developed a new Duval triangle with modified diagnosis boundaries for DGA of alternative liquids [61] .
The advantages and disadvantages [58] of DGA analysis for determining the gas content and the make-up of the gases are follows: no need to header space, extracts of gases from oil, require sophisticated equipment to extract the gases from the oil, applicable to all fluid containing components where it is possible to access the oil.
Even though DGA techniques are actually widely used, still some improvements are needed for accurate diagnostics. Since all the available methods are based on heuristic in nature and not based Energies 2016, 9, 367 9 of 29 on scientific formulation, intelligent agent-based DGA diagnostic was proposed to reduce the risk of mistaken diagnostics and enhance accuracy [56] . Artificial intelligence (AI) is also being proposed to overcome the inconsistent interpretations of DGA results [62] .
Acidity and Interfacial Tension (IFT) Analyses
The acid number (AN) of oil, measured in mg KOH/g, is a quantitative measure of the amount of acidic materials present in oil. It is determined by the amount of potassium hydroxide (KOH) in milligrams (mg) required to neutralize the acid in one gram of transformer oil. The AN measures both weak and strong organic and inorganic acids within the oil. As the oxidation level of in service oil increases, polar compounds, particularly organic acids form in the oil, therefore increasing the acid number. New transformer oils are practically free of acids. Used oil having a high acid number indicates that the oil is either oxidized or contaminated with materials such as varnish, paint, or other foreign matter. The AN is generally viewed as an indicator of nitration, oxidation and contamination, hence a tool of diagnostic. It is recommended that the oil be reclaimed when the acid number reaches 0.20 mg KOH/g [63] .
The interfacial tension (IFT) of transformer oil is another effective diagnostic index that can be used to identify the degradation rate of insulating oil. It is expressed in dynes per centimeter required to rupture a small wire ring upward a distance of one centimeter through the oil-water interface [64] . When certain contaminants such as soaps, paints, varnishes, and oxidation products are present in the oil, the film strength of the oil is weakened, thus requiring less force to rupture. For oils in service, a decreasing value indicates the accumulation of contaminants, oxidation products, or both. The IFT is a precursor of objectionable oxidation products which may attack the insulation and interfere with the cooling of transformer windings. Good clean oil will make a very distinct line on the top of water and gives an IFT number of 40 to 50 dynes per centimeter. It is recommended to reclaim the oil when the IFT decreases down to 25 dynes per centimeter. At this level, the oil is very contaminated and must be reclaimed to prevent sludging, which begins at around 22 dynes per centimeter [65] . If oil is not reclaimed, sludge will settle on windings, insulation, cooling surfaces, etc., and cause loading and cooling problems. There is a definite relationship between the acid number and the IFT. Any increase in the AN is normally related to a drop in the IFT. Although lower values of IFT and AN is an unusual situation, it does occur because of contamination such as solid insulation materials, compounds from leaky pot heads or bushings, or from a source outside the transformer [66] . Field experiences have also revealed both aging indexes may failed in diagnosing incipient failures [67] . The 500-kV generator step-up units of Salto Grande were sealed and a periodic oil analyses procedure implemented. Measuring the interfacial tension and the organic acidity of oil, confirmed the lack of oxidation products while the analysis of the relative content of dissolved decay products (DDPs) in the oil by UV-vis spectrophotometry [68] has shown a higher content of dissolved oxidation decay products in the units with punctured rubber by bladders.
Paper Degradation Assessment
In transformer, one of the key maintenance "musts" is to ensure that the electrical system remains isolated through effective insulation. This is achieved through the use of insulating paper. It is critical to monitor the paper state by direct measurements to ensure that the paper continues to provide effective insulation for the transformer. However, direct analysis of the paper insulation is an invasive procedure that requires the transformer to be taken out of service.
Insulation paper is made from wood pulp by Kraft process and contains 90% cellulose, 6%-7% hemicellulose and 3%-4% lignin. Cellulose is a linear polymer comprising anydro D-glucopyranose units held together at the first and fourth carbon atoms through a glycosidic-linkage [69] . The monomer units are combined in long straight chains within the paper insulation and the number of monomer units in a polymer is known as degree of polymerization (DP) [3] . This parameter is mechanical strength of paper. The degree of polymerization, measured by viscometric method (DPv), represents the average number of glucose units per cellulose chain) [69, 70] .
This technique is accurate in evaluating the condition of paper. The measurement of DPv is used as a diagnostic tool for determining the condition of the solid insulation within a transformer. The DPv (average number of glucose units per cellulose chain) of insulation paper after manufacturing varies between 1000 and 1300 [71, 72] . The mechanical strength of the paper is considered roughly constant between 1000 and 500. Below 500, the DPv drops linearly with the mechanical strength [73, 74] . When correctly perform, the reproducibility of DP measurements are very good. The advantages and disadvantages of DP measurement are described in Table 3 . Table 3 . Advantages and disadvantages of degree of polymerization (DP) measurement [3] .
Advantages Disadvantages
Easy to make DP measurements Direct analysis of the paper insulation is an invasive procedure that requires the transformer to be taken out of service
The mechanical strength of paper is related to the average DP The type of paper and its final chemical treatment significantly influence the rate of degradation
To overcome the problems related to direct measurement, many studies were conducted to develop indirect techniques for assessing the state of insulating paper. These techniques are based on the analysis of chemical indicators or markers present in oil due to the degradation of insulating paper. Most of the indirect methods investigated up to now were based on the analysis of the dissolved CO + CO 2 in oil [75] and on the furanic compounds as an indicator of paper aging [76] . The ratio of CO and CO 2 concentration is normally used as an indicator of thermal decomposition of cellulose [37, 77] . The ratio of CO and CO 2 is normally more about seven, while the respective values of CO 2 and CO should be greater than 5000 ppm and 500 ppm in order to improve the certainty factor. However, the disadvantage of diagnosing paper insulation condition using CO/CO 2 is that this method is not reliable since carbon oxides may be generated from the long-term oxidation of oil components or could present as a result of atmospheric leak [73, 78] .
Another alternative method of assessing paper degradation is the determination of furans compounds present in oil. The major furanic compounds that are released into the oil are as follows: 2-furfuraldehyde (2FAL), 5-hydroxy-methyl 2-furfuraldehyde (5H2F), 2-acetylfuran (2ACF), 5-methyl 2-furfuraldehyde (5M2F), and 2-furfuryl-alcohol (2FOL). These compounds result of paper oxidation and hydrolysis processes characterize the thermal decomposition of insulation paper [71] . Among the furan compounds, it was found that 2-furfuraldehyde (2FAL) is the most abundant; its concentration within the oil is related directly to the degree of polymerization value (DP v ) and therefore to the mechanical strength of the solid insulation. However, as CO/CO 2 analysis, some drawbacks have been observed for the Furan analysis. The major limitation is that the concentration of 2FAL is affected by oil replacement or by oil reconditioning processes [79] . Other sources influencing the concentration of 2FAL are linked to its thermal instability, the effect of moisture on the rate of production [73, 78, 80] . Some disadvantages of 2-FAL are its low sensitivity in the aging of thermally upgraded (TU) paper (more often used by new transformers), along with its exponential behavior [74] . The 2-FAL concentration in oil shows a noticeable increase only when paper is extremely aged (DPv ď 400) [81] . To overcome this drawback, several alternative chemical markers are being investigated an indirect detection of the insulation paper degradation. Among all the studied markers (acetone, acetaldehyde, butanol, 2-butanone and carbon disulfide...), Methanol (CH 3 OH) has shown the highest stability at different temperatures [82] . Consequently, methanol was of particular interest for monitoring paper depolymerization [83] . The use of methanol (CH 3 OH) has been reported for the first time in the literature by Jalbert et al. [83] . As reported by [81] the main advantage of this molecule over 2-FAL is its ability to be generated in the presence of thermally upgraded paper regardless of the temperature and the moisture present in the insulation. It could readily be used to sort out the problematic units of a given family and technology. In addition, contrary to carbon oxides, because of its high affinity for paper, methanol will tend to re-equilibrate in the oil after the latter has been regenerated. Annelore Schaut et al. reported that a linear correlation exists between DP ν and formation of Methanol even at early stages of its formation [84] . Arroyo et al. [74] reported the relationship between the generation of methanol and the number of scissions. It was proved that methanol is a robust indirect method for describing the condition of insulating paper. Another correlation between the methanol content within the fluid and the tensile index has been observed by the same authors. This method opens the door to a methodology for assessing the real condition of the paper in power transformers. Studies are still going on worldwide, the objective being the improvement of this finding that is fully mature.
Furanic concentration in oil can be quantified by using high performance liquid chromatography (HPLC) or gas chromatography-mass spectrometry (GC-MS).
High-performance liquid chromatograph (HPLC) is now one of the most powerful tools in analytical chemistry. They have the ability to separate and quantify the compounds that are present in any sample that can be dissolved in a liquid with detection levels approaching 0.01 trillionths of a gram (10´1 4 of a gram) [85] . The amount of furans present in oil could be a good indicator of the condition of cellulose insulation [3] . The measurement method of furan concentrations in oil has been described in [86, 87] .
The measurement is achieved in two phases [3] : solid stationary phase and mobile phase. In the solid stationary phase, 1-5 mL of oil is diluted with 5 mL of hexane and injected in a steel tube packed with particle of solid material. The commonly used solid in the stationary phase is octadecyl groups bonded to silica particles. It is then washed with 10 mL of hexane to remove the oil. Nitrogen is applied for 5 min to evaporate the hexane. The furans are then eluted with 1.5 mL acetonitrile. About 20 µL of the elute solution is then injected into the HPLC column. A solvent called the mobile phase is then pumped through the column. The solvent is a mixture of methanol and water. The flow of the mobile phase separates the furan components. The different extent to which the different furan components interact with the solid stationary phase and the mobile phase determines the extent of separation of furan components. The detector senses the components as they are eluted from the column. The results are usually reported in terms of parts per billion (ppb). Table 4 highlights the advantages and limitations of HPLC. Determination of furan by HPLC with DP gives an indication of the remaining structural strength of the paper insulation and is an indication of the remaining life of the paper and the transformer itself. Lütke et al. [89] have shown that it is not possible to predict the remaining life of a transformer only based on the content of furanic compounds and that it is not possible to derive an exact DP value correlation from the furanic content. According to these authors, only one mosaic stone and only the sum of different procedures (DGA, humidity in oil and paper, etc.) with fingerprinting and trend analysis will enable the life assessment.
Alternative assessments based on FTIR spectroscopy, molecular weight measurement by gel permeation chromatography (GPC) and thermogravimetry analysis of cellulose paper insulation has also been reported [90, 91] . However, their practical use is hampered by the difficulty in taking paper samples from an operating transformer.
Heat Transfer Properties
Key properties regarding heat transfer properties or heat transfer coefficient of the oil include pour point, viscosity profile, specific heat, relative density and thermal conductivity [92] . These properties determine the efficiency with which the fluid may cool the transformer windings. To evaluate the heat transfer coefficient, thermal conductivity, specific heat capacity kinematic viscosity and density, need to be measured at different temperatures.
High thermal conductivity (measured in watts per meter kelvin (W/(m¨K))) is a primary limitation in the development of energy-efficient heat transfer fluids required in many industrial and commercial applications including power transformers. Thermal conductivity is essentially "the measure of the ability of a material to conduct heat" [93] or, more simply, the heat transfer rate. The higher the thermal conductivity is, the higher the fluid capability to transfer heat quickly from the transformer windings to the outside air is [94] .
The specific heat (in Joule per Kelvin: J/K) also known as heat capacity is a thermodynamic property that is a measure of the amount of energy required to produce a given temperature change within a unit quantity of a given substance. It is used in engineering calculations that relate to the manner in which a given system may react to thermal stresses [95] .
Viscosity is another important thermodynamic parameter in design calculations for heat transfer by either natural convection in smaller self-cooled transformers or forced convection in larger units with pumps and the impregnation process [96] . It is the resistance of oil to flow under the force of gravity. The SI unit is the meter squared per second also known as the Stoke (m 2 s´1 or St). The more common term is the centistoke (cSt), which is a millimeter squared per second. The measurement at 40˝C is useful for early detection of oxidation, polymerization and thermal failure of the oil. Measurement at 100˝C has advantages in the detection of viscosity index improver shear down and its best suited for components that operate at high temperatures. Both temperatures may be employed where the calculation or change of the viscosity index is important and where multiples objectives need to be achieved [97] .
Pour point (in˝C), which represents the lowest temperature at which the oil can still flow [98] , is another important parameter to consider in cold climates. This means that this temperature, oil flows and can transport heat away from windings and core.
The relative Density (or Specific gravity) is the ratio of weights of equal volumes of oil and water at a given temperature [99] . In natural convection cooled oil filled transformers, when the fluid temperature increases, its density reduces. The fluid rises upwards and transfers its heat to outside air through tank and radiators.
The heat transfer properties of oil used as a coolant influences heat transfer rates and consequently the temperature rise of an apparatus. The heat transfer properties of oil also influences the speed of moving parts in tap changers and circuit breakers. Oils of high viscosity oils are less desirable, especially in cold climates. The heat transfer properties of oil can be affected by polymerization, oxidation, formation of carbon and oxide insoluble [97] . Contaminants such as water, air, soot and oil admixtures can also worsens the heat transfer properties. Decay products deposit themselves on solid insulations and other parts, blocking ducts and concomitant overheating of the oil and windings. A fluid with low viscosity and density, higher thermal conductivity and specific heat capacity are important parameters for higher heat transfer coefficient.
Corrosive Sulfur
Scientifically, corrosive sulfur is defined as elemental sulfur and thermally unstable compounds in electrical insulating oil that can cause corrosion of certain metals such as copper and silver [100] . Sulfur is commonly found in crude oil. There are five basic groups of sulfur and sulfur compounds in crude oil [101] : elemental sulfur (S), mercaptans (R-SH), sulfides (R-S-R'), disulfides (R-S_S-R) and thiophenes. The aftereffects of the corrosive sulfur into transformers are disastrous. Corrosive sulfur affects not only adversely the conductor material and other metal surfaces but may have also drastic Energies 2016, 9, 367 13 of 29 effects on paper insulation. Copper sulfide reduces electrical strength of conductor insulation. Copper sulfide deposits produce a low resistance path across and through the cellulose insulation and can lead to internal discharges and flashover. Recent work [102] showed that the amount of Cu 2 S deposition on insulation paper and copper wire surface increase with the aging time; sulfur corrosion of copper wires can reduce the permittivity of oil-paper insulation. The electrical breakdown strength of oil-paper insulation with copper sulfide depositions declines greatly, and this would lead to internal insulation failure of transformers. One of the main preventive measures used to address this problem is the addition of organic copper surface passivators to transformer oil. These passivators bind to copper surfaces and create an impermeable boundary between the bulk of the metal and the surrounding insulating cellulose and oil [103] . Passivators can be described as a chemical varnish of the windings that protects the copper from the oil and the oil from the copper. The most widely used is the Irgamet 39, a molecule currently recommended for use in transformers for preventing the copper dissolution. This molecule is made significantly less hydrophilic by amino-methylation and fully miscible with oils [103] .
Modern Physicochemical Diagnostics Techniques
Fourier Transform Infrared Spectroscopy (FTIR)-Based Determinations
Fourier Transform Infrared (FTIR) spectroscopy is considered as a very powerful tool for monitoring the condition of lubricants and oils, since it can identifies compound and sample composition. Because each bond type has a unique wave-number fingerprint, it can be readily identified. This sensitivity to oil constituents can be used to trace almost all aging by-products. The concept is different from UV-vis spectroscopy techniques. UV-vis or UV/vis spectroscopy or ultraviolet-visible spectrophotometry refers to absorption spectroscopy or reflectance spectroscopy in the ultraviolet-visible spectral region. This principle consists in using light in the visible and adjacent (near-UV and near-infrared (NIR)) ranges. The absorption or reflectance in the visible range directly affects the perceived color of the chemical substance under investigation.
Infrared (IR) spectroscopy uses an electrically heated glow-bar as infrared radiation source; this radiation is passed through the sample to the detector. The chemical constituents of the sample absorb some of the infrared at reproducible and specific wavenumbers. The technique FTIR or Fourier Transform infrared uses something called the Michelson interferometer. This nifty device utilizes a moving mirror, whose speed is monitored by a laser, which also acts as a wavelength reference. The detector then measures the summation of all the frequencies over time resulting in a time dependent interference pattern called an interferogram. A computer algorithm called a Fast Fourier Transform is then used to convert this signal to an absorbance or transmission spectrum. FTIR identify unknown materials; determine the quality or consistency of a sample and the amount of components in a mixture. Insulation oil used in power transformers consists of saturated hydrocarbons as paraffin and naphtene and can neither conduct current nor solute water. Oil conductivity depends on oil type and increases with aging by-products. Contaminants such as residues from refinery, pollution and particularly aging/oxidation products enable the oil to conduct ionic current. Oil oxidation/degradation by-products is subdivided into soluble (dissolved) and insoluble (suspended) products [104] : ‚ the suspended impurity particles include asphaltic sludge, soap sludge, carbon sludge, etc.
Oxidation by-products (peroxide gas, water soluble acids, low molecular weight acids, fatty acids, water, alcohols, metallic soap, aldehydes, ketones, lacquers, sludges of asphaltene) change the chemical make-up of the oil to allow more water to be dissolved. FTIR determines the level of oxidation by a general response in the carbonyl (C=O) region of between 1800 to 1670 cm´1. In this region, infrared energy is absorbed due to the carbon oxygen bonds in the oxidized oil. Sulfur compounds are typically found in crude oils and may also be used as additives in lubricating oils to achieve certain desired properties. Sulfate by-products such as SO 2 and SO 3 are formed by the oxidation of these Sulfur containing compounds. Sulfates are measured by FTIR in the same way as oxidation and nitration, by monitoring the increase in their infrared absorbance characteristics, i.e., between 1180 and 1120 cm´1 [105] .
The usefulness of FTIR in determining oxidation is dependent on the base oil used to formulate the fluid. Synthetic fluids often contain ester compounds which have a significant peak in the infrared spectra area where the oxidation level for mineral oils is measured. For this reason, it is important not to use FTIR results alone for diagnostics but instead to trend these results and view them in conjunction with other oil-related parameters like viscosity and AN [106] . More recently, some researchers developed FTIR detectors that allow detecting most of the gases of interest and quantify their amounts. These methods are capable of providing a greater understanding of the load, temperature, and time dependencies of generated gases [3] . Fourier transform infrared spectroscopy is preferred over dispersive or filter methods of infrared spectral analysis for several reasons:
‚
It is a non-destructive technique;
‚ It provides an accurate measurement method which requires no external calibration;
‚ It can increase speed, collecting a scan every second;
‚ It can increase sensitivity-one second scans can be co-added together to ratio out random noise;
‚ It has greater optical throughput; and ‚ It is mechanically simple with only one moving part.
Recently, alternative of determining moisture content in un-aged and aged mineral insulating oil samples by FTIR spectroscopy was proposed [107] . Accuracy, repeatability, and reproducibility of the FTIR method were assessed by analyzing a variety of oil samples, including new, thermally aged oils and oils taken from in-service transformers relative to their moisture content determined by KF. The key benefit from this approach would be that an FTIR equipped with an auto-sampler could provide a means of automating moisture analysis in a manner analogous to what has been done in the lubricant sector [108] .
Combined Gas Chromatograph-Mass Spectrometry (GC-MS)-Based Testings
Gas chromatography/mass spectrometry (GC-MS) is an instrumental technique, consisting of a gas chromatograph (GC) coupled to a mass spectrometer (MS), by which complex mixtures of chemicals may be separated, identified and quantified. GC-MS analysis requires highly trained analysts and expensive equipment [109] . This makes it ideal for the analysis of the hundreds of relatively low molecular weight compounds found in environmental materials. The GC works on the principle that a mixture will separate into individual substances when heated [110, 111] . The heated gases are carried through a column with an inert gas (such as helium). As the separated substances emerge from the column opening, they flow into the MS. Mass spectrometry identifies compounds by the mass of the analyzed molecule. A library of known mass spectra, covering several thousand compounds, is stored on a computer. Each compound has a unique or near unique mass spectrum that can be compared with a mass spectral database and thus identified [110, 111] . Mass spectrometry is considered the only definitive analytical detector. To analyze a given compound by GC-MS, it must be sufficiently volatile and thermally stable. In addition, functionalized compounds may require chemical modification (derivatization) prior to analysis to eliminate undesirable adsorption effects that would otherwise affect the quality of the obtained data.
UV/Visible Spectroscopy-Based Testings
UV-visible spectroscopy is a technique that readily allows one to determine the concentrations of substances or the quantitative analysis of all molecules that absorb ultraviolet and visible electromagnetic radiation [112] . UV-visible spectrometers can be used to measure the absorbance of ultra violet or visible light by a sample, either at a single wavelength or perform a scan over a range in the spectrum. The UV region ranges from 190 to 400 nm and the visible region from 400 to 800 nm. The light source (a combination of tungsten/halogen and deuterium lamps) provides the visible and near ultraviolet radiation covering the 200-800 nm. The output from the light source is focused onto the diffraction grating which splits the incoming light into its component colors of different wavelengths, like a prism but more efficiently. For liquids the sample is held in an optically flat, transparent container called a cell or cuvette. The reference cell or cuvette contains the solvent in which the sample is dissolved and this is commonly referred to as the blank. The technique can be used both quantitatively and qualitatively. For each wavelength, the intensity of light passing through both a reference cell (I 0 ) and the sample cell (I) is measured. The Bouguer-Lambert-Beer law forms the mathematical-physical basis of light-absorption measurements on gases and solutions in the UV-vis and IR region [113] :
where A " log´I 0 I¯i s the absorbance (absorbance does not have any units), T p%q " I 0 I .100 is the transmittance, ε is the molar dedicated extinction coefficient, I 0 is the intensity of the monochromatic light entering the sample and I is the intensity of this light emerging from the sample; c is the concentration of the light-absorbing substance and d is the path-length of the sample in cm. The ASTM D 6802 [68] is used in transformer insulating oils. This method is based upon the observation that in the range of visible spectrum all brands of new insulating liquids are almost completely transparent to a monochromatic beam of light. On the contrary, when the fluid contains decay products, the absorbance curve, as determined by a scanning spectrophotometer, significantly shifts to longer wavelengths. The numerical integration of the area below these absorbance curves permits the relative content of dissolved oxidation decay products in the fluid samples. Under normal operating conditions, transformer oil deteriorates as a result of various stresses, electrical, chemical and thermal. This results in dissolved decay products which are the result of aging of the oil in service. The content of dissolved decay products in the insulating oil consists of a variety of compounds, such as peroxides, aldehydes, ketones, and organic acids each of which is partially adsorbed onto the large surface of the of the insulation paper leading to premature aging of transformers. This process occurs long before other less sensitive analytical methods may indicate. Therefore, the relative evaluation of the formation of by-products can be used as insulation aging indicator of oil/paper complex, as well as changes in the dielectric properties of the windings. Table 5 highlights the guidelines for DDP values, expressed in arbitrary unit (a.u.). Table 5 . Guidelines for dissolved decay products (DDPs) [114] .
Oil Condition DDP (a.u.)
Good oils 0-10 Proposition A oils 10-25 Marginal oils 4-10 Bad oils 25-50 Very bad oils 50-300 Extremely bad oils >550 UV/vis spectroscopy was used to monitor decay products in reclaimed oils [115] . An example of the results from UV-vis spectroscopy is given in Figure 3 [115] . It shows the progress of service-aged oil reclamation process with two different types of Fuller's earth.
Very bad oils 50-300 Extremely bad oils >550 UV/vis spectroscopy was used to monitor decay products in reclaimed oils [115] . An example of the results from UV-vis spectroscopy is given in Figure 3 [115] . It shows the progress of service-aged oil reclamation process with two different types of Fuller's earth. Ultraviolet (UV) and visible spectrometers have been used the last 35 years and they became the most important analytical instrument in the modern day laboratory. In many applications, other techniques could be employed but none rival UV-visible spectrometry for its simplicity, versatility, speed, accuracy and cost-effectiveness. UV-visible spectrometers are available as single beam or double beam. The advantage of the double beam spectrophotometers is that they make it possible to differentiate measurements between the sample and the analytical blank. They are preferable to single beam model if the solutions are turbid. The bandwidth of the best devices can go down to 0.01 nm [116] .
IFT measurements require trained person and some precautions as mentioned in the ASTM D971 to perform the measurements. To overcome this, a novel method based on using UV-vis spectroscopy combined with artificial intelligence models have been recently proposed to estimate the IFT of transformer oil [117] . It seems that this method gives good results. However, a greater number of samples are necessary to validate this method.
Recently, new approach based on spectroscopic analysis to estimate furan compounds has been proposed [118] . This method is based on UV-vis spectral response and artificial intelligence [119, 120] . The results reported shows good correlation between furan concentrations in transformer oil and its spectral response parameters. Ultraviolet (UV) and visible spectrometers have been used the last 35 years and they became the most important analytical instrument in the modern day laboratory. In many applications, other techniques could be employed but none rival UV-visible spectrometry for its simplicity, versatility, speed, accuracy and cost-effectiveness. UV-visible spectrometers are available as single beam or double beam. The advantage of the double beam spectrophotometers is that they make it possible to differentiate measurements between the sample and the analytical blank. They are preferable to single beam model if the solutions are turbid. The bandwidth of the best devices can go down to 0.01 nm [116] .
Recently, new approach based on spectroscopic analysis to estimate furan compounds has been proposed [118] . This method is based on UV-vis spectral response and artificial intelligence [119, 120] . The results reported shows good correlation between furan concentrations in transformer oil and its spectral response parameters.
Another important UV-vis spectroscopy based technique is the free radicals determination. Free radicals play a major role in a wide variety of aging processes. The detection of these reactive species in oil may, in principle, provide useful information for monitoring oil degradation. The paramount importance of free radicals in the physical organic chemistry of mineral insulating oils has been underscored by John Tanaka at the Nineteenth Symposium on Electrical Insulation [121] . These by-products are deleterious to the transformer and catalyze further oxidation of the oil. Free radicals are very reactive and can adversely affect the chemical, physical, and dielectric properties of the insulating liquid [122, 123] . The reactive free radical reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH), is added to a solution, the free radical concentration of which is to be determined [124] . The presence of free radicals in solution will increase the rate at which DPPH disappears from the background solution; the higher the free radical concentration in the test specimen, the faster DPPH disappears. The relative free radical concentration of an insulating oil test specimen is determined as follows [124] : initially, the absorbance of the background solution of known concentration is recorded. Subsequently the decreasing absorbance of the oil specimen added to the background solution is plotted. Finally the subtraction of the oil specimen absorbance from the background solution results in a display curve of the reaction. The absorbance at 240 s/4 min from the beginning of the reaction is reported [122] . This method is applicable to new, reclaimed, or used oils as well as naturally or artificially oxidized oil (the cause of aging can be chemical, physical, or electrical).
Turbidity Analysis
Turbidity is the cloudiness or haziness of a liquid caused by suspended solids that are usually invisible to the naked-eye. Usually, a liquid contains suspended solids that consist of many different particles of varying sizes. Some of the particles are large and heavy enough to eventually settle to the bottom of a container if a sample is left standing (these are the settle-able solids). The smaller particles will only settle slowly, if at all (these are the colloidal solids). It is these particles that cause the liquid to look turbid. The turbidity of a liquid uses the principle of the interaction between an incident light wave and a particle in suspension mainly generating phenomena of diffusion, reflection, absorption and refraction. This claimed particle size, kind, shape, refractive index and its intensity causes a dispersion of the incident light in all directions. Turbidity working principle is based on nephelometry. This latter is measured by photometry concentration of particles in a liquid by diffusion at 90˝. When used in correlation with nephelometry and other angles, attenuation-angled photodetectors can assist in improving turbidity meter accuracy. This is often referred to as a ratio design. Ratio or ratiometric turbidity meters are still categorized under nephelometric technology as a 90˝angle is used as the primary detector. With multiple photodetector angles, algorithms may be used to compensate for optical interferences and increase instrument sensitivity. The Standard Methods ratiometric method uses the following algorithm [125, 126] :
where T " turbidity in NTU (0-10,000); d 0 , d 1 , d 2 , d 3 " calibration coefficients; I 90 " 90 degree detector current; I t " transmitted detector current; I f s " forward scatter detector current; and I bs " back scatter detector current.
The ASTM Designation 6181 [127] method is an accurate optical laboratory technique developed to quantitatively determine the amount of microscopic solid suspension that may exist in both new and in-service fluids. Increasing turbidity signifies increasing fluid contamination. Other turbidity sources, such as water droplets or gas bubbles, are eliminated [127] . Under normal operating conditions, oil insulation/paper power transformers undergoes slow degradation process. The electrical, heat, aggressive behavior of dissolved oxygen and the catalytic effect of copper combine to accelerate this deterioration. Resulting degradation products are gradually changing the physical, chemical and dielectric properties of the insulating oil. Some are soluble in the dielectric fluid. However, secondary chemical reactions can generate insoluble solid particles, invisible and microscopic dimensions, known under the generic name "sludge". These invisible suspensions are able to clog the pores of the paper insulation, which inhibits the ability of the oil to dissipate the thermal energy generated by the coils. It is therefore extremely important to detect these suspensions before the oil breakdown voltage is decreased. Measuring the amount of insoluble suspensions therefore appears to be very important, since these by-products clearly contribute to the insulation electrical and thermal degradation. Some guidelines for turbidity values are given in Table 6 . Table 6 . Guidelines suggested for turbidity [114] .
Oil Condition Turbidity (NTU)
Good oils 0- Different types of electronic turbidimeter are available. The use of multiple detectors can improve accuracy and decrease the interference from dissolved colored materials and stray light [128] . Their advantages and limitations are listed in Table 7 . 
Alternative Insulating Materials
The philosophy of power transformer design is founded on many years of research and development. However, in a world where everything evolves and changes rapidly, the key strategy must be based on the continuous improvement to each material involved in the design. Facing the paramount role played by temperature in the transformer degradation process, thermally-upgraded insulation was introduced more than 40 years ago to improve the stability of these critically important equipment in the transmission and distribution of electric energy. The effects of thermally-upgraded paper on the diagnostic techniques, such as furan analysis and chemical markers (alcohols) in the oil, are being investigated [74, 89, 129] .
Even though thermally upgraded offers a 15˝C higher temperature rating than normal Kraft paper, still the same basic limitations exist with cellulose (combination of high moisture absorption, auto-accelerating hydrolysis degradation in the presence of moisture, and relatively poor thermal stability) [130, 131] . Another approach used aramid-based materials by Dupont, but high costs limit their use in most liquid-filled transformer applications. The Aramid paper (known by its trade name: Nomex) is mainly used as insulator for high temperatures applications such as traction transformers. To optimize cost and performance, hybrid insulation materials combining meta-aramid and cellulose have been proposed to provide incremental improvements in thermal stability. Several studies have been conducted to evaluate the performance of Aramid paper which has very good thermal properties [132] [133] [134] . To optimize costs and performance, hybrid insulation materials combining aramid and cellulose have been proposed to provide incremental improvements in thermal stability. The results of some works performed on hybrid insulation have shown that this type of insulation not only allows to increase the operating temperature [135] , but also retard the degradation of insulating oil [136] . Recently, ASTM has developed a new standard test method for tensile testing of Aramid-based paper published as D7812, to be used for quality control [137] .
A clear opportunity emerged to develop a flexible insulation material by 3M made by a wet-laid paper process (an organic binder, short cut fibers, and inorganic filler). Compared to Kraft paper, this flexible insulation provides [138] : In the last decades, environmental concerns are being considered as important factor to consider in the choice of insulation liquids. The impacts on the environment (toxicity) in terms of accidental release together with treatment at the end of life of insulation systems (recycling, reuse, disposal, incineration, landfilling...) are essential factors to consider. Many researches are therefore being directed towards environmentally friendly insulating liquids, as alternative to mineral oils [139] . Faced with the growing interest focused to "green insulating liquids", many synthetic or vegetable based fluids are being investigated for application in power transformers. Even though Siemens delivered in 2014 the world's first vegetable oil transformer in the 420 kV capacity range, research in this field is still at its earlier stage.
Throughout this article, the techniques described referred to mineral oil as this is something we are all familiar with. The properties of the alternatives fluids cannot be correlated directly to that of a mineral oil as their chemistries are very different [140] . They are so different, in fact, that ASTM has produced a new specification just for non-mineral oils [141, 142] . IEC has also produced related specifications [142] [143] [144] [145] . A Work Item (ASTM WK46195) by ASTM D27.02 subcommittee is developing a standard entitled: "New Specification for Synthetic Ester Fluids Used in Electrical Apparatus". Related IEEE standards are also available [146] [147] [148] .
Applicability of a number of electrical and physicochemical parameters, including acidity value, dielectric dissipation factor (DDF), viscosity and color for assessing the quality of these alternative fluids is possible (Table 8 ). For the most part, the same tests used to evaluate mineral oil are used to evaluate silicone, natural/synthetic esters [31, 149] . It should be emphasized that results and the meaning of the tests are differently interpreted. 
Conclusions
This review summarizes the main physicochemical diagnostics techniques and demonstrates their usefulness in transformers. The critical nature of transformers and the recognition that they need continuous maintenance and a thorough understanding of multiple potential failure processes has raised the importance of dielectric fluid analysis to the forefront. This has been driven by the need to obtain better and faster analyses and a better methodology of defining the health of the asset. These techniques can be summarized as follows:
‚
HPLC is effective in the separation, detection and quantification of the furaldehydes produced as degradation by-products of paper.
‚ GC-MS, the gas chromatography stage separates the various gaseous species, by preferential attraction to a feed column, prior to them being injected into a mass spectrometer for identification and quantification.
‚ FTIR, this technique makes uses of the resonant vibrational frequencies of molecules to identify the structural groupings within a material. Its potential for characterizing the degree of degradation of oil/paper insulation is also emphasized.
The dissolved decay products uses a spectrophotometer to evaluate the absorbance curve of insulating fluids in the visible spectrum. The numerical integration of the area below the absorbance curves permits the relative content of dissolved oxidation decay products.
The Turbidity utilizes a ratio turbidimeter to evaluate the degree of contamination by solid particles in suspension produced either from external sources such as varnish and metallic particles from the materials used in transformers or internal chemical reactions such as oxidation. The IFT is affected by certain contaminants such as soaps, paints, varnishes, and oxidation products present in the oil. While IFT measurements require trained person and some precautions as mentioned in the ASTM D971 to perform, the measurements turbidity is very simple and quick.
Methanol is a promising chemical marker for early-stage paper degradation of in-service transformer. This marker could permit an easier estimation of the end-of-life of the transformer.
Free radicals measurement is possible by using reactive free radical reagent, 2,2-diphenyl-1picrylhydrazyl (DPPH) added in oil.
The diagnostic methods presented in this review are usually applied to the mineral oil and standard insulating paper. However, currently there is considerable effort to establish diagnostic standards for biodegradable oil and thermally upgraded paper. As part of an overall maintenance strategy, these tests might therefore enhance the effectiveness of predictive maintenance procedures. This allows maintenance planners to make the best use of maintenance and replacement budgets, allocating funds to high-risk units.
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